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Abstract: 
When power outages occur, many homes are left without power for some time as they are dependent on 
the power grid. This project aims to design a residential grid tied battery backup photovoltaic system that 
will provide up to 7.2kW in an area that gets 5.36-5.49 kWh/m2/day [1] to support a home with an 
average daily usage of 28.4 kWh/day. To effectively use this system the house remains connected to the 
electric utility at all times, so any power needed above what the solar system can produce is simply drawn 
from the utility. It includes battery backup or uninterruptible power supply (UPS) capability to operate 
selected circuits in the residence for hours or days during a utility outage. Designing a grid tied 
photovoltaic system reduces dependence on the utility and provides a cost effective safety net against 
losing necessary power for refrigerated food storage, water facilitation, crops, and livestock. 
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I. Introduction 
Photovoltaics is a method of generating electrical power by converting solar radiation into 
direct current (DC) electricity using semiconductors that exhibit the photovoltaic effect. The 
photovoltaic effect is the creation of voltage in a material upon exposure to light and occurs 
when electrons are transferred between different bands within a material, resulting in the 
buildup of voltage between two electrodes [2] [3]. 
Solar photovoltaics are growing rapidly, albeit from a small base, to a total global capacity of 
67,400 megawatts at the end of 2011, representing 0.5% of worldwide electricity demand [3]. 
More than 100 countries use solar PV [3]. Installations may be ground-mounted or built into 
the roof or walls of a building. 
A residential PV power system enables a homeowner to generate some or all of their daily 
electrical energy demand and "the customer obtains the full retail electricity rate—rather than 
the much lower wholesale rate—for kilowatt-hours of PV- produced electricity sent to the 
utility power grid." [4]. There are three main types of PV systems: grid-tied systems, grid-tied 
with battery backup, and stand alone systems. In a grid –tied system the house remains 
connected to the electric utility at all times, so any power needed above what the solar system 
can produce is simply drawn from the utility. PV systems can also include battery backup or 
uninterruptible power supply capability to operate selected circuits in the residence for hours 
or days during a utility outage. By designing a grid tied photovoltaic system, dependence on 
the utility is reduced and many environmental and socio-economic benefits are gained. These 
include reduced dependence on the utility, diminished electricity costs, and reliable, 
renewable, clean energy [4]. This is the main drive behind this design project. This project 
aims to alleviate the financial burden and powerlessness of relying solely on the utility to 
provide a reliable power service, and specifically to provide a cost effective safety net to keep 
refrigerated food storage, water facilities, crops, and livestock fresh and thriving. All one 
needs to do to discover an interest in these systems is to spend a week or two after a 
hurricane, an ice storm, or some other natural disaster without electric power. Those who 
have purchased fossile-fuled generators for backup power generally appreciate the idea of a 
quiet reliable, non-fuel consuming source of electricity. Rather than wait in long lines for 
gasoline for their generator, they can sit by the pool drinking a cold beer. Often , those 
interested in battery-backup PV systems expect the systems to pay for themselves, even 
though no fossil standby generator ever paid for itself with the electricity it generated . The 
payback from a battery backup system must be measured in terms of food not spoiled after a 
utility outage and the comfort level knowing that power will be available after a utility outage 
[2]. 
 
The steps to design such a system are briefly discussed. The first step to design is to 
understand the system requirements both from an engineering perspective and marketing 
perspective. Next sizing the system based on load demand, roof space, and site analysis are 
vital for developing a foundation for the rest of the design. Continuing this process, once a 
thorough assessment of the sit and system sizing are complete selection of the major 
components can begin. For a battery backup system it is easiest to begin by selecting the 
modules to design the array. Next the charge controller and inverter can be sized and selected 
fallowing up with the design completion and Balance of System (BOS) components. 
Fallowing this outline this report documents the design process for designing a residential 
grid-tied with battery backup photovoltaic system. 
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II. Requirements and Specifications 
Below is a table representing the engineering specifications and marketing requirements of a 
grid-tied with battery backup PV system that meets the needs of the customer. The 
engineering requirements below are short statements that address the technical need of the 
design specifying what the system will do, not how it will be implemented. Each engineering 
spec. is associated with at least one marketing requirement pertaining to the inputs of the 
customer. 
 
Table 1: Grid Interactive With Battery Backup PV System Requirements and Specifications 
Marketing 
Requirements 
Engineering 
Specifications Justification 
1,2,3,8 The PV array must produce at least 7.1kW Based on chart sizing for a PV system [5] 
1,2,3,8 The System must provide ≥ 28.4 kWh/Day 
energy output 
Average daily power consumption of 
household, which is based on Electric Utility 
data for a 12 month duration. 
3,5,8 PV array must be ≥ 710 ft2 General output for the average PV panel 
produces 1kW/100ft2 [6].   
Ex: (710ft2)(.01)(kW/ft2) = 7.1kW 
1,2,3,4,7,8 Should have an efficiency (η) ≥ 64% For PV systems containing battery systems - 
calculated by taking into account the 
modulation factor, wiring losses, charge 
controller losses, and Inverter Efficiency Factor 
[6] [7]. 
1,2,3,4,6,7,8 The backup battery system must provide ≥ 
1557.3Ah over 20 hour discharge rate for 2 
days without recharging. 
This exceeds the average time it takes to repair 
a utility outage and provides a safety net for 
long periods of time without sunlight to the PV 
array. 
2,3,4,6,7 The system must be automated to disconnect 
from the grid when there is a utility outage, 
and reconnect to the grid when the utility 
power is restored.  
This is part of the fundamental design of the 
grid-tied PV system with battery backup. It 
allows the system to still produce power during 
a utility outage. It also provides safety to line 
workers repairing utility lines during a utility 
outage. 
Grid-Tied With Battery Backup Photovoltaic System 
Your Name: Thomas Stobaugh 
EE 460-01  
EE 463/464 Ahmad Nafisi a.n.  
1. I agree to supervise this senior project.  a.n. 
2. The specifications are [2] [3]: 
 Abstract—Describes what project should do, not how. 
 Bounded—Identify project boundaries, scope, and context  
 Complete—Include all the requirements identified by the 
customer, as well as those needed to define the project.  
 Unambiguous—Concisely state one clear meaning. 
 Verifiable—A test can prove if system meets specification. 
 Traceable—Each engineering specification serves at least 
one marketing requirement. 
ADVISORS: Please initial above, if you agree to supervise this senior project. Also, please check 
applicable boxes above. Comment below, if requirements or specifications require revision. 
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Marketing Requirements 
1. The System should have minimal electrical loss. 
2. The System should reduce or eliminate a dependence on the Electrical Utility Company. 
3. The System must meet the house hold energy needs. 
4. Outdoor equipment must be weather resistant. 
5. The System should be aesthetically pleasing.  
6. The System should  be able to supply power in low sunlight conditions during a Utility outage 
7. The System needs to meet the IEEE 1547 and UL 1741 standards [8] [9]. 
8. The System must be within the customers price range[i] 
 
 
III. Functional Decomposition 
The below figures and tables provide the overall description of the system and its functions 
by using the recursive process of functional decomposition. The functional decomposition 
reflects the inputs, outputs, and the functionality through block diagrams. Figure 1 is a level 0 
functionality block diagram of the grid-tied with battery backup PV system. It displays the 
definition of the highest level of system function. Table II gives a detailed breakdown of the 
inputs, outputs, and functionality of the overall system. 
 
 
Figure 2: LEVEL 0 FUNCTIONALITY BLOCK DIAGRAM FOR GRID-TIED WITH BATTERY BACKUP PV 
SYSTEM 
 
 
 
 
 [i] Customer has not provided a specified budget for system yet. 
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Table 2: System Functionality Requirements 
Module Grid-Tied With Battery Backup PV System 
Input - Sunlight: Variable light from the Sun 
depending on weather conditions, time of 
day, and altitude in the sky. Average 
annual solar irradiation of 5.36-5.49 
kWh/m2/day [1] 
- Utility: 120/240V AC rms, 60Hz 
- Battery Backup: 48V DC supplied from 
battery system at 778.6Ah/day (assuming 
losses) [10] 
Output - House:120/ 240V AC rms, 60Hz at up to 
28.4kWh/day to the residence 
- Battery Backup: 3.6-4.2V varying to the 
batteries depending on state of charge of 
each individual battery. 
Functionality Convert Sunlight into DC power, then into 120/240V 
AC rms at 60Hz to provide up to 28.4kWh/day. If the 
household demand exceeds the maximum daily output 
power (28.4 kWh/day) the system should also supply 
120/240V AC rms at 60Hz from the Utility. It should 
also supply 3.6-4.2V DC to charge the batteries, varying 
the voltage depending on the state of charge of each 
battery. Should the Utility be unable to provide power 
and there should be insufficient light to meet the 
household power demand the system should be able to 
supply 48V at 778.6Ah/day (taking into account losses) 
for up to 2 days to meet the household power demand of 
28.4 kWh/day. 
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Figure 3 is a level 1 functionality block diagram. It expresses the main design architecture of 
the system displaying the organization and interconnections between modules. The following 
Table 3through Table 8further presents a detailed breakdown of the inputs, outputs, and 
functionality of the individual modules within the system. 
 
 
Figure 3: LEVEL 1 FUNCTIONALITY BLOCK DIAGRAM FOR GRID--TIED WITH BATTERY BACKUP PV 
SYSTEM 
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Table 3: PV Array Functionality Requirements 
Module PV Array 
Input - Sunlight: Variable light from the Sun 
depending on weather conditions, time of 
day, and altitude in the sky. Average 
annual solar irradiation of 5.36-5.49 
kWh/m2/day [1] 
Output - Variable DC voltages ranging from 0 volts 
to maximum output voltage of the 
individual panels; dependent upon many 
factors such as weather conditions, shading 
factor, orientation/tilt factors, soiling 
factors, etc. 
Functionality The PV array accepts incoming sunlight and 
converts the energy of light into a DC voltage 
through the photovoltaic effect. 
 
Table 4: DC Disconnect Functionality Requirements 
Module DC Disconnect 
Input - DC voltage varying from 0 to max output 
of PV array. 
Output - DC voltage varying from 0 to max output 
of PV array. 
Functionality Serves as a switch to safely disconnect the PV 
array from the rest of the system. 
 
Table 5: Inverter/Charge Controller Functionality Requirements 
Module Inverter/Charge Controller x2 
Input - Variable DC voltages generated by the PV 
array. 
- Battery Backup: 48V DC supplied from 
battery system at 778.6Ah/day (assuming 
losses) [10] 
- Utility: 240V AC rms, 60Hz 
Output - Battery Backup: 3.6-4.2V varying to the 
batteries depending on state of charge of 
each individual battery. 
- Utility: 120/240V AC rms, 60Hz 
Functionality Accepts DC voltages generated by the PV array and 
converts the DC voltages into 120/240V. The Inverter 
must have anti-islanding protection [8] [9] and is 
designed to draw energy from the battery system at 48V 
and 778.6Ah. Manage the battery charge via a MPPT 
charge controller separate from the inverter, supplying 
3.6-4.2V DC varying the voltage depending on the state 
of charge of each battery 
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Table 6: Meter Functionality Requirements 
Module Meter 
Input - Utility: 120/240V AC rms, 60Hz 
- Inverter: 120/240V AC rms, 60Hz 
Output - 120/240V AC rms, 60Hz 
Functionality Measures the amount of electric energy consumed 
or produced by the residence. Depending on if the 
residence is consuming more power than the PV 
system can produce the meter will read the energy 
consumed by the residence. If the residence 
produces more energy than is consumed or stored 
by the PV system it will measure the energy fed 
into the utility grid.  
 
Table 7: AC Breaker Panel Functionality Requirement 
Module AC Breaker Panel 
Input - Utility: 120/240V AC rms, 60Hz 
- Inverter: 120/240V AC rms, 60Hz 
Output - House: 120/240V AC rms, 60Hz 
- Inverter: 120/240V AC rms, 60Hz 
Functionality To pass the 120/240V AC rms, 60Hz signal from 
the inverter and or the utility to residence 
household. Also to detect a fault condition and, by 
interrupting continuity, will immediately 
discontinue electrical flow. 
 
Table 8: AC Disconnect Functionality Requirements 
Module AC Disconnect 
Input - Utility: 120/240V AC rms, 60Hz 
- Inverter: 120/240V AC rms, 60Hz 
Output - House: 120/240V AC rms, 60Hz 
- Inverter: 120/240V AC rms, 60Hz 
- Utility: 120/240 V AC rms, 60Hz 
Functionality Serves as a switch to safely disconnect the system 
from the utility when a fault condition is detected 
by the inverter. 
 
 
 
 
 
 
 
Electrical Engineering Department - Stobaugh  Fall 2012 
Cal Poly San Luis Obispo    15 
 
IV. System Sizing 
Energy Usage Data 
The most important and complex stage in sizing any residential PV system is providing a 
breakdown of the daily electrical consumption. A determination of the loads and daily 
electrical demand provides a baseline for correct sizing of the PV array. For this project the 
system is to provide 100% of the household demand, therefore a comprehensive collection of 
energy usage data is collected from the customer’s utility provider, which in this case is 
Pacific Gas & Electric (PG&E). Table 9 displays the energy usage history of the residence for 
the years of 2010 and 2011. It provides the average kilowatt-hour per day (kWh/day) for each 
month and then an average daily usage (kWh/day) for the year. It also presents the total 
energy usage for each year. In 2010 the average energy usage is 28.0 kWh/day with an annual 
consumption of 10241 kWh/yr. In 2011the average energy usage is approximately 28.4 
kWh/day with an annual consumption of 10380 kWh/yr. The data gives a consistent average 
daily usage between the two years for the household. Therefore based on the provided data 
the system will be sized according to an average daily demand of 28.4 kWh/day. This data is 
used  in determining the size that the PV array needs to be to meet the average daily energy 
demand of the house hold. 
Table 9: PG&E Energy usage History for 2010 and 2011 
 
 
Figure 4 and Figure 5are graphical representations of Table 9 displaying the average daily energy 
usage for each month compared to the annual average daily energy usage in kWh/day. This is 
useful for understanding which months of the year the demand is greatest to better prepare and 
adjust energy needs and habits for the customer. From the charts it is observed that the summer 
months June through August are generally the highest demand throughout the year. This is most 
likely due to the increased usage of the well for watering crops and livestock. 
Date Days Billed Usage (kWh) kWh/Day Charge ($) Date Days Billed Usage (kWh) kWh/Day Charge ($)
Jan 12/29-1/28 31 871 28.1 $172.00 12/30-1/28 30 787 26.2 147.00
February 1/29 - 3/1 32 843 26.3 $155.00 1/29 - 3/1 32 819 25.6 149.14
March 3/2-3/31 29 876 30.2 $185.00 3/2-3/30 29 737 25.4 136.00
April 4/1-4/29 30 819 27.3 $167.00 3/31-4/29 30 729 24.3 131.00
May 4/30-5/28 29 701 24.2 $99.72 4/30-5/31 32 764 23.9 110.00
June 5/29-6/29 32 923 28.8 $152.00 6/1-6/29 30 832 27.7 143.00
July 6/30-7/29 30 1062 35.4 $208.00 6/30-7/29 31 1021 32.9 207.00
August 7/30-8/30 32 966 30.2 $165.00 7/30-8/29 31 1053 34.0 214.01
September8/31 - 9/29 30 805 26.8 $125.00 8/30 - 9/28 30 1010 33.7 204.01
October 9/30 - 10/28 29 744 25.7 $111.00 9/29 - 10/27 29 851 29.3 155.79
November10/29 - 11/30 33 810 24.5 $141.00 10/28 - 11/29 33 928 28.1 188.42
December12/1-12/29 29 821 28.3 $167.00 11/30-12/28 29 849 29.3 179.57
Average 853 28.0 Average 865 28.4
Total (kWh/yr) 10241 Total (kWh/yr) 10380
2010 2011
PG&E Energy Usage History Rate Schedule: E1 SB Residential Service Meter #1004821807
Electrical Engineering Department -
Cal Poly San Luis Obispo  
 
Figure 4: 2010 Monthly Energy usage Compared to the Average Energy Usage for Each Month
Figure 5:2010 Monthly Energy usage Compared to the Average 
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Array Sizing  
After the daily electrical demand is ascertained, the correct size of the PV is determined. It is 
designed to provide sufficient daily energy to operate the  residence when grid power is lost. 
Proper sizing of the array must account for loss mechanisms encountered in charging and 
discharging of batteries, array temperature and module mismatch losses, system wiring 
losses, inverter losses, and charge controller losses. Figure 6 exhibits the general loss 
mechanisms for worst-case scenarios. Using these loss factors, the worst-case dc:ac 
conversion efficiency is estimated using: 
 
 	
  . 88. 96. 94. 90. 96  .7 
 
The industry standard efficiency factor of .77 or 77% is generally used [2]. Because this is a 
battery backup system there are more losses attributed to the battery system, therefore an 
efficiency factor of .7 or 70% is used assuming worst-case scenario to size the system 
appropriately. 
 
Figure 6: Worst-Case Loss Mechanism for a Grid-Tied Battery Backup PV System 
 
Calculation Based on Energy Usage and Sun Hours 
There are different methods applied when determining the yields of the diverse solar module 
types available. These include differing methods of calculations and photovoltaic software. 
Sizing programs and simulators enable the checking and simulating of threshold values and 
operating systems. For this project multiple approaches including hand calculations and 
simulation software are employed to utilize consistency and verify the appropriate system 
12%
4%
6%
10%
4%
Loss Mechanisms
Array Losses
Wiring Losses
Inverter Losses
Battery System 
Losses
Charge Controller
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size. Exercising one calculation method the daily energy requirements and peak sun-hours 
per day at the location are taken into account using: 
 

   
   !"! #!$ % 
 &   
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 
 
Using data from the Solar Resource Map in Figure 10 the peak sun hours of 5.36 – 5.49 
hr/day are input into the above equation. This results in an array size of 6.70 – 6.88 kW @ 
.77 efficiency factor and 7.37 – 7.56 kW @ .70 efficiency factor.  
 
Software - PVWatts Version 1 
Using PVWatts version 1simmulation software a city is selected closest to the project site 
(either Sacramento, CA or Fresno, CA) and site parameters such as azimuth, tilt, and 
efficiency factor are input into the program [11]. The array size is varied through trial and 
error until the desired daily kWh for the loads is produced. Figure 7 shows an example of the 
PVWatts GUI (Graphical User Interface). It is noted that the actual site location for this 
project receives slightly different solar irradiation than the two options provided in the 
software. Therefore the results are for an overestimation for the size. 
 
Figure 7: GUI of PVWatts Outputting Data for Fresno CA for a 7.2 kW System @ .77 Efficiency Factor, Fixed Tilt, 22.6° 
Array Tilt, 166° Azimuth, and Outputting 10440 kWh/yr [11]. 
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Software – Wholesale 
Using private software from Wholesale Solar
into the calculator fallowed by the percentage of generation to be provided by the PV system, and using the solar resource 
and using the solar resource zone map provided the peak su
the calculator [12]. Inputting the average monthly usage of 865 kWh from 2011, 100% generation, and 5.0
generation, and 5.0-5.5 peak sun hours per day calculates a 
Using this method of calculation generates a system before taking into account the efficiency factor and loss mechanisms. 
factor and loss mechanisms. An example of the Wholesale Solar calculator is displayed in 
Figure 8 with the solar resource zoning map.
Figure 8: GUI of Wholesale Solar calculating the system size without taking into account an efficiency factor; Monthly 
Usage of 865 kW
 
 Stobaugh  
 
Solar (Private) 
 the monthly household energy usage is input into the calculator fallowed by 
n hours per day are entered into the calculator
system of between 6.8 to 7.5 kW. Using this method of 
 
h, 100% Solar Generation, and 5.5 Peak Sun Hours 
Fall 2012 
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 [12]. Inputting 
-5.5 peak sun 
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Calculation Based on Available Roof Space 
Sizing the system based on available roof space is the final method taken into account for 
determining an appropriate array size. Using roof measurements taken form Figure 13 in the 
next section (SunEye Site Analysis: Roof Measurements) the square footage of the south 
facing roof and west facing roof are calculated and added together: 
 
                                : 
  !# 	
 ; <$ 	
 
                              : 
  545( ; 198( 
 : 
  743( 
Using the industry standard conversion of 1 @< A 10"(BC 

 [2] the system can be 
sized based on available roof space: 
743( 1"3.28
(  6.91"( E 1@<10"(F  6.91@< 
Sizing Summary 
Based on the multiple sources employed and worst-case dc:ac conversion a 7.1 kW system 
will be designed taking into account available roof space, location, sun hours (solar 
irradiation), and efficiency factors.  
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V. SunEye Site Analysis 
Site analysis is a critical step in the design process of any photovoltaic project. The main 
issue to analyze and overcome is shading. Even small amounts of shade on a PV module can 
significantly reduce the module output. It is therefore imperative to gather appropriate data 
such as irradiance and irradiation measurements, solar access, sun path, and daylight hours. 
There are various tools and methods used for site analysis of a future PV system. For this 
project a comprehensive site analysis for a roof mounted system is completed using the 
Solometric SunEye 210 Shade Tool. The SunEye 210 Shad Toole observed in figure 9 is an 
integrated Shade Analysis Tool for solar site assessment. It includes a fisheye camera and a 
dedicated on-board processor to perform digital image processing and analysis to compute 
shading and solar access percentages. It includes an electronic compass and inclinometer 
enabled to measure roof pitch and azimuth [13].The SunEye 210 is obtained through the 
PG&E PEC Tool Lending Program [14]. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
(a) 
(b) 
(c) 
Figure 9:(a) (b) Solometric SunEye 210 Shade Tool. (c) Receipt for Tool Lending Program 
Electrical Engineering Department - Stobaugh  Fall 2012 
Cal Poly San Luis Obispo    22 
 
Location 
The residential site is located in Chinese Camp California at approximate coordinates of 
37.9°N, 120.4°W with a magnetic declination of about 13.8°E. Using the appropriate GPS 
coordinates a US photovoltaic solar resource map observed in Figure 10is used to estimate 
the Irradiation.  The map in Figure 10 displays the average annual solar irradiation with data 
taken continuously of a seven year period between 1998 – 2005 [1]. 
 
 
Figure 10: National Renewable Energy Laboratory (NREL) High Resolution PV Resource Map 
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Roof Measurement 
Figure 11(a), (b), (c), and (d)
the available area for panels and irradiance calculations. Also recording measurements of 
skylight locations for later consideration of roof mounting issues
display the floor plans of the residence and a sketch with the dimensions of the roof.
compass displays magnetic north showing the 13.8°E magnetic declination
(a) 
(b) 
Figure 11: (a) Author and Homeowner using SunEye (b) Author and 
facing roof (d) Measurement of skylights on south facing roof
 Stobaugh  
 
 show roof measurements being taken to accurately determine 
. Figure 11
. 
 
 
(c) 
 (d) 
Homeowner (c) Measurement of top peak of south 
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 and Figure 13 
 The 
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Figure 12: Floor Plan of the Household 
 
Figure 13:Diagram Showing Actual Measurements with Skylights and Chimney 
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Figure 14 presents a satellite image of the site using Google maps and showing the roof with 
the skylights and the chimney [15]. 
 
Figure 14: Satellite Image of Project Site 
South Facing Roof 
Using the SunEye 210 Shade Tool, 360° images of the skyline are captured at various 
locations on the roof to obtain accurate sky line images of assumed panel locations. The sun 
plots are overlaid to show the yearly sun path with any obstructions that potentially cause 
shading of panels. Figure 15Shows the summery of the site based on the four SunEye images 
captured at the four corners of the south facing roof. The chart shows the proportion of total 
solar energy available at this site for each month.This indicates that the site has acceptable to 
very good solar resource with minimal month to month variation for March through October. 
The acceptations are for November through January when the sun is at a lower angle in the 
sky. Shading issues are worse in winter because elevations angles are lower, shadows are 
longer, and the daylight hours are less.  
Skylines Averaged: Sky01, Sky05, Sky06, Sky10 
TSRF averages of 4 skylines in this session: 95% (See Appendix C) 
Annual May-Oct Nov-Apr 
96% 98% 92% 
 
 
Figure 15: Solar access averages of 4 skylines in this session 
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Figure 17 (a), (b), (c), and (d) show skyline captures at the four corners of the south facing 
roof. Notice the obstructions caused by the trees in figure X (d) resulting in the low solar 
access for November through January. These obstacles cause little concern as the homeowner 
has expressed that the trees will be trimmed back so as to alleviate the shading issues. This 
will therefore improve the solar access throughout the winter months. 
 
Panel Orientation: Tilt=25° -- Azimuth=166° -- Skyline 
Heading=159° 
GPS Location: Latitude=37.86610°N -- Longitude=120.41447°W 
Solar Access: Annual: 97% -- Summer (May-Oct): 98% -- Winter 
(Nov-Apr): 96% 
  
TSRF: 97% -- TOF: 99% 
(a)  Sky01 -- 5/19/2012 17:35 -- Top East 
Corner 
 
Panel Orientation: Tilt=25° -- Azimuth=166° -- Skyline 
Heading=171° 
GPS Location: Latitude=37.86608°N -- Longitude=120.41454°W 
Solar Access: Annual: 96% -- Summer (May-Oct): 96% -- Winter 
(Nov-Apr): 96%  
TSRF: 96% -- TOF: 99% 
 
(b)  Sky05 -- 5/19/2012 17:53 – Top 
West 
 
 
Panel Orientation: Tilt=25° -- Azimuth=166° -- Skyline 
Heading=173° 
GPS Location: Latitude=37.86604°N -- Longitude=120.41452°W 
Solar Access: Annual: 96% -- Summer (May-Oct): 97% -- Winter 
(Nov-Apr): 94%  
TSRF: 95% -- TOF: 99% 
 
(c)  Sky06 -- 5/19/2012 18:01 – Bottom 
East 
 
 
Panel Orientation: Tilt=25° -- Azimuth=166° -- Skyline 
Heading=169° 
GPS Location: Latitude=37.86610°N -- Longitude=120.41452°W 
Solar Access: Annual: 94% -- Summer (May-Oct): 98% -- Winter 
(Nov-Apr): 87%  
TSRF: 93% -- TOF: 99% 
 
(d) Sky10 -- 5/19/2012 18:12 –Bottom 
West 
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Figure 16: Skyline Captures of South Facing Roof 
Figure 17 (a), (b), (c), and (d) show the monthly solar access for the four corners of the south 
facing roof. All values are above 90% indicating good solar access accept for Figure 17 (d) 
on the months of November through January for the bottom West corner of the roof. As 
stated above shading issues are worse in winter because elevation angles are lower, shadows 
are longer, and the daylight hours are less. These obstacles cause little concern as the 
homeowner has expressed that the trees will be trimmed back and the antenna will be 
removed so as to alleviate the shading issues. This will therefore improve the solar access 
throughout the winter months.  
 
 
(a) Top East 
 
(b) Top West 
 
(c) Bottom East 
 
(d) Bottom West 
 
Figure 17: Monthly Solar Access for the Four Corners of the South Facing Roof 
Chimney 
A common challenge in PV system design is to fit as much power on the roof as possible. 
Odd roof shapes, shading, and roof protrusions all influence the placement of PV modules, 
which intern affect the power produced. For this project the south facing roof unfortunately 
has a chimney. The effects of the chimney on solar access are taken into consideration using 
the SunEye. Figure 18(a) shows the skyline capture of the area of the roof that will be 
affected by the chimney. Notice in the image the chimney will have the greatest impact for 
approximately two hours between 12:00 and 4:00PM depending on the months throughout 
the year. Figure 18(b) shows the monthly solar access of the area of the roof affected by the 
chimney. All values are between 80% to 86% showing the chimney will have a marginal 
affect on the solar access. To compensate, panels will be placed on the west facing roof 
Electrical Engineering Department - Stobaugh  Fall 2012 
Cal Poly San Luis Obispo    28 
 
which will receive maximum sun exposure during the afternoon hours. This will help make 
up the loss acquired by the chimney. 
Panel Orientation: Tilt=25° -- Azimuth=166° -- Skyline Heading=167° 
GPS Location: Latitude=37.86608°N -- Longitude=120.41452°W 
Solar Access: Annual: 84% -- Summer (May-Oct): 83% -- Winter (Nov-Apr): 84%  
TSRF: 83% -- TOF: 99% 
 
(a) Sky08 -- 5/19/2012 18:07 -- chimney 1 
 
 
(b) Monthly Solar Access for Area Affected by the Chimney 
Figure 18: Skyline Capture and Monthly Solar Access for the Area Affected by the Chimney 
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West Facing Roof 
To compensate for shading issues caused by the chimney, site analysis is again performed 
using the SunEye 210 Shade Tool on the West facing roof. As mentioned above, 360° images 
of the skyline are captured at various locations on the roof to obtain accurate sky line images 
of assumed panel locations. The sun plots are overlaid to show the yearly sun path with any 
obstructions that potentially cause shading of panels. Figure 19 below shows the summery of 
the west facing roof based on the three SunEye images captured on the west facing roof. This 
indicates that the site has acceptable to very good solar resource with minimal month to 
month variation for January through November. The only acceptation is December when the 
sun is at a lower angle in the sky. 
Skylines Averaged: Sky02, Sky03, Sky04 
TSRF averages of 3 skylines in this session: 95% (See Appendix C) 
 
 
 
 
Annual May-Oct Nov-Apr 
96% 97% 95% 
 
Figure 19: Solar access averages of 3 skylines for West Facing Roof 
Figure 20(a), (b), and (c) show skyline captures at three locations on the west facing roof. 
Notice the chimney in Figure 20(a). Observing it only interferes after 3:30PM during the 
summer months results in a negligible effect on overall performance due to the high 
irradiance during this time of year.  The antenna in Figure 20 (b) and (c) will be removed and 
will have no effect on performance. Also notice the roof shading effects and bathroom 
ventilation pipe in Figure 20(c) resulting in the low solar access throughout the year for the 
early morning hours. These obstacles cause little concern as the homeowner has expressed 
that the pipe height can be reduced or relocated all together. Also the shading effects of the 
roof only occur during the early morning hours when there is little energy demand and low 
irradiance due to the sun angle. 
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Panel Orientation: Tilt=25° -- Azimuth=166° -- Skyline Heading=162° 
Solar Access: Annual: 97% -- Summer (May-Oct): 98% -- Winter (Nov-Apr): 96%  
TSRF: 96% -- TOF: 99% 
 
(a) Sky02 -- 11/4/2012 10:54 – Northern End of West Facing Peak 
Panel Orientation: Tilt=25° -- Azimuth=166° -- Skyline 
Heading=165° 
Solar Access: Annual: 96% -- Summer (May-Oct): 97% -- Winter 
(Nov-Apr): 94%  
TSRF: 95% -- TOF: 99% 
 
(b) Sky03 -- 11/4/2012 10:56 –Southern End of 
West Facing Peak 
 
 
 
Panel Orientation: Tilt=25° -- Azimuth=166° -- Skyline 
Heading=168° 
Solar Access: Annual: 94% -- Summer (May-Oct): 95% -- Winter 
(Nov-Apr): 93%  
TSRF: 94% -- TOF: 99% 
 
(c)Sky04 -- 11/4/2012 10:59 – Bottom of 
West Facing Roof 
Figure 20: Skyline Captures of West Facing Roof 
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Figure 21(a), (b), and (c) show the monthly solar access for the three skyline captures of the 
west facing roof. All values are above 90% indicating good solar access accept for Figure 
21(b) and (c) on the months of December through January. As stated above shading issues are 
worse in winter because elevation angles are lower, shadows are longer, and the daylight 
hours are less. These obstacles cause little concern as the homeowner has expressed that the 
trees will be trimmed back and the antenna will be removed so as to alleviate the shading 
issues. This will therefore improve the solar access throughout the winter months.  
 
 
(a) Northern End of West Facing Peak 
 
(b) Southern End of West Facing Peak 
 
 
(c) Bottom of West Facing Roof 
Figure 21: (a), (b), and (c): Monthly Solar access of the three points taken on the West Facing Roof 
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VI. Module Selection 
Since a battery-backup grid-connected system essentially uses the utility grid to store/use any 
excess PV power generation, there is no reason to limit the size of the array to the exact size 
needed to keep the batteries charged. It is at the owner’s digression on whether or not the 
array should be large enough to supplement 50% of the energy or 150% of the energy used. 
As stated previously this project is limited to the amount of roof space available and is sized 
accordingly. The type of module selected for this project will be able to meet the energy 
requirements to supplement 100% of the average energy needs for the household. Through 
extensive research the Solarworld Sunmodule SW255 Mono is selected providing 255W. The 
SW255 in Figure 22 consist of monocrystalline cells which offer 15%-18% efficiency, which 
is on the higher end for consumer photovoltaic panels [2]. These modules are compatible for 
“top-down” or “bottom-up” mounting methods which employ the rooftrack support rail and 
clamping system displayed in Figure 23. Refer to Appendix E for product specifications. 
 
Figure 22: Solarsunworld Sunmodule SW255 
 
Figure 23: Rooftrack Support Rail and Clamping System for SW255 PV Module 
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In order to design the array and determine the number of strings the operating temperature 
range of the module must first be calculated to account for minimum and maximum array 
temperature. The module temperature can have an effect on the performance of the array and 
is inversely proportional to the module open circuit voltage (VOC). The specifications needed 
are taken from Appendix E along with the minimum and maximum recorded temperatures for 
the site [16]. This data is input into the fallowing equations: 
 
CGH"
  CGHI1 ; JKLM N 25O∆CGH ∆J⁄ R 37.8CI1 ; N13O N 25ON.3%/O  42.12C 
 
T
 U J"%  JV ; WXUJ N 20. 8 Y  45O ;
46O N 20
. 8 1  77.5O 
      NOTC Z Nominal Operating Cell Temperature 
                        JV  Z Maximum Temperature for Site Location 
                        G   Z1kW/"( @ Full Sun. Corresponds to Air Mass (AM) rating of 1. AM rating ranges  
         from 1kW/"( at sea level to 1367 kW/"( at the top of the atmosphere 
 
CK["  CK[I1 ; JK0\ N 25O∆CGH ∆J⁄ R
 31.4CI1 ; 77.5O N 25ON.45%/O  23.89C 
 
Taking the system size and dividing it by the module’s wattage gives the total number of 
panels needed: 
# B
$  $" T! <

 
7.1@<
255<  27.84 %
$ 
Rounding up gives a total of 28 panels providing 7.14kW, which meets the requirements 
calculated in the previous section. All components and modules are certified to the safety and 
design requirements of UL-1741 and IEEE 1547 standards [12].  
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VII. Charge Controller 
In nearly all systems with battery backup a charge controller is an essential component. The 
main responsibility of a charge controller is to regulate the charging state of the batteries and 
shut down the PV array when the batteries are fully charged. It also must shut 
down the load if the batteries reach a predetermined state of discharge. Since 
the PV array is not always operating at the maximum power point (MPP) a 
maximum power point tracking (MPPT) charge controller is employed. The 
energy losses associated with series and shunt charge controllers are between 
10%-40% depending on battery voltage, irradiance, and temperature. These 
are avoided by using an MPPT tracker. The MPPT tracker passes along the 
current/voltage characteristic curve of the PV array about every 5 min and 
determines the MPP. The DC/DC converter within the MPPT tracker is set to 
take the optimum power from the array and adjust it to the charging voltage 
of the batteries [2]. Since the battery system is a 48V system the available current is 
approximately: 
7100<
48C  147.92 A 150 
This suggests that two 80A MPPT charge controllers be used. For this system the Schneider 
Electronic Xantrex XW-MPPT 80-600 Charge Controller in Figure 24 is used . This MPPT 
charge controller is selected because it can accept DC input voltages of up to 600V, which 
allows for longer strings of modules simplifying the design and BOS components. For 
example, using the Solarworld SW255 module: 
CGH ^ 600C _ 600C42.12  14.25 "!$ 
Rounding down gives a maximum of 14 modules in a string. Based on the calculations with 
the Solarworld modules, 2 strings of 14 modules are used equaling the 28 modules. Based on 
the CK["in the previous section: 
CK["  14 ` 23.98C  335.72C 
This falls within the acceptable operating range of the XW-MPPT 80-600 indicating that on 
the hottest day on record the minimum voltage for the array with a string of 14 Solarworld 
SW255 modules is 335.72V, well above the minimum operating voltage of  195V of the XW-
MPPT charge controller, See Appendix F. Since there is two source circuits the system is 
nicely balanced feeding one source circuit to each MPPT charge controller. Below displays a 
simple example of the PV array wired into the charge controller Figure 25 with two source 
circuits similar to this design. The XW-MPPT 80-600 meets all safety and design 
requirements of UL-1741 and IEEE 1547 standards. 
Figure 24: XW-
MPPT 80-600 Charge 
Controller 
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Figure 25: Example of Two String Array Connected to XW- MPPT 80-600 Charge Controller 
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VIII. Inverter 
Depending on which system is being designed there are a number of different types of 
inverters available. Selection of the proper inverter for a particular application depends on the 
waveform requirements of the load. In addition, all 
inverters must comply with safety standards and electrical 
codes of UL 1741 and IEEE 1547.  The inverter will serve 
as a multipurpose device supplying power to the gird as a 
current source that continuously monitors the gird and acts 
as an alternate means of charging the system batteries in 
the event that the PV system for any reason has not kept 
them charged. Finally it acts as a stand –alone voltage 
source to powering the occupancy while the utility is not 
available [2]. For this system two Xantrex XW 4548 Grid-
tie/Off-Grid Solar Inverters are “stacked” to provide 
7100W of 120/240V power; Figure 26. Appendix G gives 
detailed product specification. The XW4548 is a hybrid 
inverter/charger, single phase, 60Hz true sign wave inverter. It supplies 4500W (up to 9000W 
with two, which meet the minimum system requirement of 7100W)  of continuous power 
with an operating range of 44-64V accepting the 48V from the battery system. This inverter 
is selected because it meets the specifications and size of the system while also integrating 
well with the XW MPPT charge controller. Selecting components from the same company 
allows for smoother integration and implementation along with less complicated maintenance 
in the future. Figure 27 below displays a simple example of the PV array and MPPT charge 
controller wired into the inverter with two source circuits similar to this design. 
 
Figure 27: Inverter Wired into MPPT Charge Controller and Array 
 
 
Figure 26: XW4548 Inverter 
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IX. Battery System 
The sizing of batteries will depend on the daily kWh consumption of the loads and how many 
days of storage or autonomy are desired. The other deciding factor is financial cost as the 
batteries are often the most expensive components. For this system a flooded lead-acid 
battery will be utilized as they are the most common and cheapest battery to manufacture 
while still meeting the minimum requirements. A typical lead-acid battery will offer 
approximately 400 cycles at a 50% discharge rate in its lifetime [2]. Batteries in a grid-tied 
system will rarely cycle (usually no more than 10 times per year [10]) and require far less 
maintenance. To begin, the total energy is divided by the inverter efficiency, which is 
obtained from Appendix H:  
aU <#a
 
J
 <#/a

 bc  
28.4@<#/

. 95  29894.74 aU <# a
⁄  
A 29900 aU <# a
⁄  
 
Then divide by the battery system voltage to obtain DC Ah/Day: 
aU #a
 
aU <#/a

d
 C
 
29.9@<#/

48C  622.9aU # a
⁄  
 
Then multiply by 1.25 to assume 80% discharge: 
aU J
 #a
  622.9aU # a
 ` 1.25  778.6⁄ aU J
 # a
⁄  
 
Then multiply by the number of days of desired autonomy. For this system and site the 
desired days of autonomy are 2. This means that in the event of grid failure and no source for 
recharging from the grid or PV array, the batteries should maintain system operation 
providing power to the loads for a minimum of 48 hours assuming a 20h discharge rate. 
Therefore the size of the batter system is: 
778.6 # a
⁄ ` 2
$  1557.3# 
1557.3Ah is therefore the minimum size battery needed. Once suitable batteries have been 
researched, dividing the battery size (1557.3Ah) by the Ah capacity rating of the chosen 
battery will give the number of parallel battery strings needed. Table 10 below displays a 
sample of suitable batteries obtained 
Table 10: Data for Suitable Batteries Obtained for 48V, 1557Ah System 
 
 
Battery Volts Multiplier (48V) Ah Rating # of Strings Total Ah Price ($) Total ($)
Surrette L/A 2 x24 1766 1 1766 836.36 20064
Surrette L/A 6 x8 820 2 1640 1261 20176
Trojan 6 x8 897 2 1794 1228 19648
Surrette L/A 8 x6 820 2 1640 1595.47 19140
Trojan 4 x12 1570 1 1570 1410 16920
Surrette L/A 6 x8 400 4 1600 --- 11556
Data for 48V, 1557Ah Battery System
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When decided the number of parallel battery strings other factors outside of cost also come 
into play. Since batteries age and deteriorate at different rates one or more individual batteries 
in a string will have a lower capacity compared to the other batteries in the string. When the 
batteries are called to supply power the string with the reduced capacity battery will provide a 
lower output voltage compared to the other parallel strings. These imbalances in charging 
current between batteries are overcharged in the attempt to fully charge all batteries resulting 
in possible damage to the system [17]. Because of the sensitivity and tolerances required in 
PV systems for charging/discharging it is recommended that the fewest number of parallel 
battery strings be used when possible for PV systems. Taking this into consideration the 
Trojan IND29-4V Flooded Lead-Acid Battery (Appendix H) highlighted in green in Table 10 
will be used in the design of the battery system since it offers a 4V battery at 1570Ah. 
Therefore only one string of 12 batteries is required to meet the 48V, 1557Ah requirement of 
the system. Figure 28 Shows an example of the battery system wired up in one series string: 
 
Figure 28: Schematic of 48V, 1557Ah Battery System 
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X. BOS Selection and Completion of Design 
Figure 29Display the schematic for the wiring of DC portion of a 7100W battery backup 
system. Figure 30Displays the AC wiring diagram of the schematic for the completed system 
with the inverters being the components couple the two schematics together. 
 
Figure 29: Wiring of DC Portion of 7100W Battery Backup System 
 
Figure 30: Wiring of AC Portion of 7100W Battery Backup System 
Balance of System (BOS) components describe all other components aside from the major 
components of a PV system, that is, PV modules, charge controller, batteries, and inverters. 
BOS components  may include extension cables for array wiring, a rooftop junction box, 
input and output disconnects for the inverters and charge controllers, battery cables, battery 
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enclosure, inverter input and output disconnects, circuit breakers, the equipment for 
connecting to the utility, and all conduit and wire for the system. As mentioned before with 
the inverter, designing a system with components produced from the same company has 
many added benefits. Another one of these benefits is that many of the BOS components 
come with the purchase of other key system components such as the inverter and charge 
controller. Since the Xantrex line of inverter and charge controller are designed for this 
system they also come with a Power Distribution Panel, Conduit Box, System Control Panel, 
and Connection Kit for the second inverter all shown in  Figure 31 
 
Figure 31: BOS Components Included with Xantrex Inverter 
BOS components are numerous other smaller/less expensive components used to complete 
the implementation of a system and go beyond the scope of this project. 
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APPENDIX A — Schedule and Time Estimates 
Figure 32on the below represents a hierarchical breakdown of the tasks and deliverables that need to be 
completed to accomplish the project objectives. It is displayed as bar graph representation of activities 
and project goals effectively showing the work breakdown structure and the timeline for completion. A 
rough estimate of the timeline breakdown is calculated using the PERT technique represented by equation 
2 below [18]. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 32: Gantt chart showing breakdown of the tasks and deliverables in the project timeline using the PERT 
technique to derive expected time estimates 
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APPENDIX B — Financial Cost Analysis 
Table 11 is a preliminary summary of cost estimates. It discusses estimated costs associated with the 
design, development, and implemention of the PV system. A grid-tied with battery backup PV system 
includes both fixed costs and variable costs. Fixed costs are those that are constant and do not change due 
to a process or activity. These include design and development, market research, and permits. Variable 
costs depend upon the process and fluctuate directgly with the number of units produced. Examples 
include materials, inventory, labor, and shipping. The cost estimates in table IX were calculated using 
equation 1 below. 
Table 11: Cost Estimates 
Expenses Price 
Estimate 
(U.S. 
Dollar) 
Actual 
Price (U.S. 
Dollars)[i] 
Justification for Estimates 
 
 
PV Array 
 
 
$12,223.00 
 costa  →25.7 ≈ 26 panels @ $360.00/panel = $   9360.00 
costm →33.3 ≈ 34 panels @ $350.00/panel  = $11900.00 
costb  → 25.5 ≈ 26 panels @ $630.00/panel = $16380.00 
Estimates obtained from various parts pricing for PV panels. The number of panels is 
a rough calculation based on the available square footage to produce ≈ 5.64kW of 
power and the power output rating of the individual panels, which varies from brand 
to brand [6]. 
 
 
 
MPPT Charge 
Controller 
 
 
 
$920.95 
 costa  →Outback 80 Amp 12/24/48/60 Volt MPPT  
             Charge Controller @ $591.95   
costm →2x MorningStar Tristar 45 Amp 12/24/48 Volt  
             MPPT Charge Controller @ $ $471.94 ea.  
costb → Xantrex XW 80 Amp 12-60 Volt MPPT  
              Charge Controller @ $1158.95 
Estimates obtained from various parts pricing for charge controllers [19], [20]. 
 
 
Inverter 
 
 
$2308.22 
 costa  → SolarEdge Tech SE 6000 (240V) @ $1813.95 
costm → Schneider TX 5000 (240V) @ $2291.00 
costb → Power One PVI-6000 (240V) @ $2871.36 
Pricing of Inverters that meet the required DC power output of the PV and Battery 
Systems. Also grid-tied capabilities [20], [21], [22], [23]. 
 
 
 
Battery System          
 
 
 
$31538.00 
 costa  → The Rolls Surrette S600 6V at 600 Ahr ≈ 30 @  
               $467.00 ea. 
costm → The Rolls Surrette 8CS25PS 8V at 1156 Ahr ≈  
                18 @ $1699.00 ea. 
costb → The Rolls Surrette 6CS21PS 6V at 963 Ahr ≈32  
               @ $1130.00 ea. 
These are based on rough calculations for battery system [24] 
Misc. Parts 
(Wire, Mounting 
Supplies, Nuts, 
Bolts, shipping, 
ect…) 
 
 
$1250.00 
 costa  → $500.00 
costm →$1000.00 
 costb →$2000.00 
These are just preliminary estimates. More precise numbers will be provided as the 
design process continues [2]. 
   costa  →$24840.00/yr = $12.42/hr @ 150hrs = $1863.00 
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Labor 
 
$4119.00 
costm →$53107.00/yr = $26.55/hr @ 150hrs = $3983.00 
costb →$83320.00/yr = $41.66/hr @ 150hrs = $6294.00 
Time estimated using eq. 2. Salary estimates based on national salary data for a solar 
energy/solar engineer [25]. 
[i] Actual Price to be filled in at purchase which will likely be after Senior Project Completion. 
 
               Cost = efghij*efghkjefghl4      
               costa = the most optimistic estimate 
                                                                 costm = the most realistic estimate 
                  costb = the most pessimistic estimate 
 
               Time = hmnoij*hmnokjhmnol4      
                                                                  timea = the most optimistic estimate 
                                                                  timem = the most realistic estimate 
                                                                  timeb  = the most pessimistic estimate 
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APPENDIX C — Solar Resource Terms 
 
Tilt and Orientation Factor (TOF): TOF is the solar irradiation (Wh/m2) at the actual tilt and orientation 
divided by the irradiation at the optimum tilt and orientation, expressed in percent [26]. 
 
Total Solar Resource Fraction (TSRF): TSRF is the ratio of irradiation (Wh/m2) available accounting for 
both shading and TOF, compared to the total irradiation available at a given location at the optimum tilt 
and orientation and with no shading. TSRF is also expressed in percent, according to the following 
equation: TSRF = (Solar Access) *(TOF) [26]. 
 
 
 
Figure 33: Displays the definition of the TOF and TSRF ratios discussed in above. 
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APPENDIX D — ANALYSIS OF SENIOR PROJECT DESIGN 
 
Grid-Tied with Battery Backup Photovoltaic System 
Thomas Stobaugh: 
Ahmad Nafisi:  Date: 
 
• Summary of Functional Requirements  
This project aims to design a residential grid tied battery backup photovoltaic system that will provide up 
to 5.64kW converting sunlight into DC power, then into 240V AC rms at 60Hz in an area that gets 5.36-
5.49 kWh/m2/day to support a home with an average daily usage of 28.1 kWh/day [1]. To effectively use 
this system the house remains connected to the electric utility at all times, so that any power needed above 
what the solar system can produce is simply drawn from the utility. The system also includes battery 
backup or uninterruptible power supply (UPS) capability to operate selected circuits in the residence 
supplying 48V at 861Ah/day (taking into account losses) for up to 3 days during a utility outage [10]. The 
system supplies 13.6-14.2V DC to charge the batteries, varying the voltage depending on the state of 
charge of each battery. It is automated to disconnect from the grid when there is a utility outage, and 
reconnect to the grid when the utility power is restored to provide a safety measure to line workers 
repairing utility lines during a utility outage. Designing a grid tied photovoltaic system reduces 
dependence and provide a cost effective safety net against losing necessary power for refrigerated food 
storage, water facilitation, crops, and livestock.  
 
• Primary Constraints  
With every project comes challenges and difficulties associated with implementation. This project will 
undoubtedly encounter many issues and overcome several constraints. Many of these include financial, 
logistical, and design and will occur throughout the various stages. One constraint is limited square 
footage of roof space for the PV array. The general output for the average PV panel produces 100ft2/k [6]. 
The array must produce at least 5.64 kW [5]; therefore the PV array must be ≥ 550 ft2 requiring enough 
roof space to safely install the panels and produce the desired energy output. If there is not enough space 
extra design steps must be taken for mounting the PV array. One obvious issue associated with 
implementation of this project is financial cost to the client. As observed from preliminary cost estimates 
the PV array and the battery system are proven to be the most costly. Other challenges to consider are 
distance to the project site and applying for the appropriate building permits. The house for which the 
system is designed is a 4-5 hour commute; also in order to implement the project, building permits must 
be obtained. 
 
• Economic  
This project contains numerous economic capital impacts relating to human, financial, manufacturing, 
and natural. The human capital takes into account what people do and involves the design and build 
phases of the project. Beyond this there is little human capital. The system is mostly autonomous and only 
requires periodic maintenance and repair. The financial capitol involves the monetary instruments. This 
includes U.S. currency in the form of cash, coins, and credit cards. The manufactured, real capital relates 
to the things made by people and their tools. This includes all of the parts and materials (PV panels, 
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charge controller, inverter, batteries, wiring, utility, design software, permits, etc…) along with tools used 
to manufacture, design, and build the system. The natural capital involves the Earth’s resources and bio-
capacity. This project greatly impacts the natural capital by reducing the dependence on utility supplied 
power. It produces the energy required without any direct negative impacts on the environment. The 
possible negative impacts on the natural capital result from the resources required to manufacture the 
parts (PV panels, electronics for the inverter, and charge controller, batteries, etc). Other economic factors 
that relate this project include the cost and benefits. These occur throughout the duration and at many 
stages in the project. For example, during the beginning stages the initial costs incurred mainly include 
time spent researching and designing. During this time the benefits include the knowledge gained both in 
meeting the project goals and in the knowledge gained in the overall subject matter. The most obvious 
costs include the monetary capitol in the purchasing of the equipment, parts, tools and labor. Provided the 
client accepts the final design he/she covers the financial costs of the project, which from preliminary 
estimates may be as high as $55,000. The arguable benefits resulting from this include a functional 
completed PV system that meets the energy needs of the residence reducing or eliminating dependence on 
the electric utility that in the long run will begin to generate revenue; also providing a cost effective safety 
net against losing necessary power for refrigerated food storage, water facilitation, crops, and livestock.  
 
• If manufactured on a commercial basis:  
If the resulting system of this project were to be manufactured on a commercial basis many factors would 
need to be considered such as number of systems sold per year, cost per system, purchase price per 
system, profit per year, and estimated cost to operate device for the duration of its desired life cycle. The 
most difficult thing facing these questions is the fact that each system is circumstantial and there are no 
two PV systems exactly the same. Therefore there is no way of considering these questions without first 
determining the size of the system. The size of the system directly affects the number of systems sold per 
year, the manufacturing cost of each system, the price, and the profit. The size of each system directly 
relates to each client’s requirements, which no two will be exactly the same. Therefore there is no 
assembly line approach for this project. For example one large system could take the entire year 
depending on its size while in the same time frame 20 small systems could be produced. To better analyze 
manufacturing on a commercial basis, one must consider the average or typical system size of a PV 
system at approximately 5 to 6 kW [27]. Using this as a foundation, it now becomes possible to estimate 
the cost, purchase price, profit and estimated cost to operate the system per year. Using the average size 
of 5kW for a system and using its location, it is possible to project the cost of a system. For example a 
rough estimate of the cost of a typical system in California would be $23,751 after rebates and tax credits 
[27]. However, one consideration is as the cost of solar panels and other system equipment decreases, 
larger systems become an option for homeowners. 
 
• Environmental  
When considering the environmental aspects of this project the one natural resource that directly affects 
this project is the sun. The sun is the defining source behind this project. It is where the energy for the 
project and household are derived from. It is widely accepted that conventional generating options can 
damage air, climate, water, land and wildlife. Renewable technologies, which include PV systems, are 
substantially safer offering a solution to many environmental and social problems associated with fossil 
and nuclear fuels [28]. The potential environmental burdens of PV systems are regularly site specific and 
dependent on the size and nature of the project. These burdens are usually associated with the loss of 
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amenity (e.g. visual impact or noise—during the installation phases) and the impacts can be minimized. 
Photovoltaics on a residential scope are seen to be generally of benign environmental impact generating 
no noise or chemical pollutants during use. The impact of land use on natural ecosystems is dependent 
upon specific factors such as the topography of the landscape, the area of land covered by the PV system, 
the type of the land, and the biodiversity. The impacts and the modification on the landscape are likely to 
come up during the construction stage, however long term effects must be considered. For example, the 
Topaz Solar Farm is a 550MW PV power plant project being constructed in San Luis Obispo County 
California and is expected to have a lifespan of at least 25 years. Arguments for environmental impacts 
include using ground mounted panels versus roof mounted panels, sensitive species occupying the area 
such as the San Joachin kit fox, enough power for 160,000 average homes, and displacement of 
377,000 tons of CO2 annually [29]. Many groups question the long term environmental effects this 
project will have on the habitat and its species but the costs and benefits have yet to be weighed [29].  
This senior project has no direct impact on the surrounding environment as it makes use of the existing 
residential structure with the surrounding ecosystem and species already adapted to the residence. The 
production of current generation PV systems is rather energy intensive (especially the poly crystalline and 
the mono-crystalline modules) and large quantities of bulk materials are needed [28]. Small quantities of 
scarce materials (In/ Te/Ga) are required. Also limited quantities of the toxic Cd from which the 
emissions attributed to CdTe production amount to 0.001% of Cd used [28]. The environmental 
performance of the system depends heavily on the energy efficiency of the system manufacturing and 
production. The emissions associated with transport of PV modules and other systems equipment are 
insignificant in comparison with those associated with manufacture. Transport emissions are estimated at 
only 0.1– 1% of manufacturing related emissions [28]. In the case of poly- and mono-crystalline modules, 
the estimated emissions are 2.757–3.845 kg CO2/kWp, 5.049– 5.524 kg SO2/kWp and 4.507–5.273 
NOx/kWp [20]. Another important environmental aspect of this project includes the effects of chemical 
substances within the batteries. The batteries are responsible for most of the environmental impacts, due 
to their relatively short life span and their heavy metal content. Furthermore a large amount of energy and 
raw materials are required for their production [24].  
  
• Manufacturability 
When considering the manufacturability of this project many challenges arise. To first understand these 
challenges, the prototyping process must be considered. Challenges that would face prototyping of this 
project would mainly include financial and system size. Understanding that each system is unique to each 
residence makes it difficult to prototype. The cost of parts, equipment, and modifications to residential 
structures is far too great for most clients to invest in equipment for prototypes. Larger solar 
system/install companies may consider using/developing software to help model and aid in the 
prototyping process. To proceed with manufacturability on a commercialized scale other issues are taken 
into account such as design/engineering processes, outsourcing, and supply and demand. Since each PV 
project is exceedingly variable and dependent upon sizing factors and site analysis, generating a solid, 
well rounded engineering team would be highly valuable. It would also make sense to create contracts 
with multiple manufactures to create a wide range of accessible resources given the amount of subsystems 
that go into each PV system. The benefits of outsourcing would need to be weighed considering the high 
costs of manufacturing of PV panels, batteries, and inverters. Larger commercialized companies would 
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also consider financial incentives from all sources (government, private, or corporate) to invest in possible 
sub contracts with manufacturers. 
 
• Sustainability  
Sustainability is the capacity to endure, the long-term maintenance of responsibility, which has 
environmental, economic, and social dimensions, and encompasses the concept of responsible 
management of resource use. The overall design process of a PV system is heavily influenced by the 
concept of sustainability and the challenges associated with designing a low maintenance device. There 
are three main types of PV systems, each increasing in the level of maintenance required for preservation: 
Grid-Tied (requiring the least maintenance), Grid-Tied with Battery Backup, and Stand Alone systems 
(requiring the most maintenance) [30].  This project combines the benefit of being independent of the 
utility grid while requiring relatively low maintenance to keep the system performing optimally. Some of 
the challenges associated with the maintenance of the completed system include replacing the batteries as 
they degrade, cleaning the PV panels to optimize efficiency, and upgrading the components of the system 
as technologies improve. Upgrades that could improve the design include advancement in PV panel 
design, improvement in battery technology, and more efficient inverters requiring less power to operate, 
in turn resulting in fewer losses of the overall system [31]. The main issues associated with upgrading 
would require staying up to date with the current PV technologies making sure the newer technologies are 
adaptable and compatible with the current system, along with checking that new technologies meet the 
IEEE 1547 and UL 1741 standards. Other challenges to consider are increasing or decreasing the system 
output if the household energy demand were to change. This would include altering the PV array, battery 
system, and resulting components such as a charge controller and inverter. This would be the most 
sustainable option as the overall design would remain constant, only the components would need to be 
resized to meet the new ratings of the system.  
 
• Ethical  
Ethics, also known as moral philosophy, is a branch of philosophy that involves systemizing, defending, 
and recommending concepts of right and wrong behavior. It is also recognized as rules or standards 
governing conduct, especially those of a profession [18]. Systems are developed for use by other people, 
beyond issues in the technical aspects of design there are professional ethics that govern the broad scope 
of integrations between technology and people. Ethical frameworks that people can associate with are 
rule-based ethics, conditional rule based ethics, treating others with fairness and respect, honesty and 
trustworthiness, professional competence, and utilitarian ethics [18]. From these ethical frameworks an 
ethical statement can be developed for this project: This system accepts the responsibility of making 
decisions consistent with the safety, health, and welfare of the public, and to disclose promptly factors 
that might endanger the environment. By being honest and realistic in stating claims or estimates based 
on available data, this system aims to help sustain planetary resources by promoting solar energy 
research, development, education and practice at home, and in the community. The utilitarian ethical 
implications relating to this can be associated with the design, manufacture, and use of this project in 
many ways. For example, when designing the PV system the engineer will design with the customer 
needs in mind being honest and forthright to the client, expecting the same in return so as to understand 
the needs and demands of the client. This will produce an efficient product. Another ethical framework 
widely accepted is the IEEE Code of Ethics. It has many ethical implications relating to the design, 
manufacture, and use of the project. For example, being honest and realistic in stating claims or estimates 
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based on available data. This is a key concept in achieving a top quality system. Overstating estimates 
such as financial cost or energy output would create mistrust between the designer and the client 
discrediting results of the design. Also not taking responsibility in “making engineering decisions 
consistent with the safety, health, and welfare of the public” [18] can have deadly consequences when 
dealing with a project that involves high voltages and currents, especially when connecting to a public 
utility grid. Another key aspect of this project relating to this ethical framework is designing with 
components that meet government codes, and accepted standardizations, such as the IEEE 1547 and UL 
1741 standards. 
• Health and Safety  
A main responsibility and concern of every project is health and safety. These two components exist in all 
phases of development throughout the project and contain many aspects. Beginning with design the 
system is fashioned to have self protecting measures such as switches, fuses, and breakers to protect the 
system in the event that there is a problem. On the opposite side during the manufacturing process 
precautions must be taken to protect the health of plant workers producing PV panels since small amounts 
of toxic cadmium are used in the manufacturing of PV panels and some batteries [28]. Other safety 
concerns associated with manufacture or use of the project include construction (system installation) and 
operation of the system. As with any construction site the necessary safety precautions must be taken to 
prevent injury of workers during installation of the system. Also, the storage of the battery system must 
be well ventilated to prevent the buildup of hydrogen gas produced through electrolysis of some batteries. 
If the batteries require periodic maintenance safety measures must also be taken to prevent chemical 
burns. Since the project involves high voltages and currents of both DC and AC many safety precautions 
must be taken to prevent serious injury during construction as well as once the system is online and 
producing power. Also, precautions must be taken to protect the existing infrastructure in the house and 
associated circuits (including devices such as appliances, computers, TV’s, etc). 
 
• Social and Political  
When considering social and political issues relating to this project it is important to consider the stake 
holders, or who the project will directly and indirectly impact. The most obvious direct stakeholders are 
the residents of the household that the system will provide power to. On a broader scheme this would 
include anyone directly receiving power from a PV system. Indirect stakeholders include the 
manufacturers of the components (PV panels, batteries, inverters, etc) of the system and the workers 
involved in the transportation of the components, hardware, and tools. Other indirect stakeholders are the 
employees of the utility company and the rest of the community. The project will benefit all of the 
stakeholders (both direct and indirect) in various ways such as the obvious environmental benefits as 
stated in the environmental section. Also the benefits of  reduced dependence and cost effective safety net 
against losing necessary power for refrigerated food storage, water facilitation, crops, and livestock 
affecting the residence of the household. Other benefits relating to the indirect stakeholders include jobs 
created for manufacturing, shipping, and construction of the PV system along with the financial gain to 
the community from fees acquired in permits. Some harm caused to the indirect stakeholders of the 
project includes loss of revenue resulting in possible jobs lost to the utility company due to fewer 
customers. However, a resulting benefit might include more available power in an ever increasing 
demand for energy for residence of the electric utility. Other political issues associated with this project 
that have a broad effect on the community, town, and state include emissions laws and taxes. 
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• Development  
The following include the sources for all tools and techniques, used for development and analysis during 
the course of the project. 
 
Literature Search  
 
[1] National Renewable Energy laboratory, "Dymanic Maps,GIS Data, & Analysis Tools," 20 Jan 2012. 
[Online]. Available: http://www.nrel.gov/gis/solar.html. 
 
[2] The German Engineering Society, Planning & Installing Phontovoltaic Systems 2nd ed., London: 
Earthscan, 2009.  
• This book provides in-depth information detailing every subject necessary for successful 
project implementation, from the technical design to the legal and marketing issues of PV 
installation. It also provides resource assessment and an outline of the core components, 
and covers system design, economic analysis, installation, operation and maintenance of 
PV systems.  
• This book is recommended as a reliable and valuable source from Tim Townsend of 
BEW Engineering. Tim Townsend is a senior Engineer and was the instructor for 
PG&E’s course in PV site analysis and system sizing. The book is the “most up-to-date 
and comprehensive guide to solar PV systems.” 
 
[3] Wkipedia, "Photovoltaics," 25 Feb. 2012. [Online]. Available: http://en.wikipedia. 
[4] S. Direct, "How Solar Electric Technolty Works," 2011. [Online]. Available: 
http://www.solardirect.com/pv/pvbasics/pvbasics.htm. 
[5] The Solar Energy Company, "How Solar Electric Technologies Work," 2003. [Online]. Available: 
http://www.thesolarenergycompany.com/solarelectric6.html. 
• This article provides information and charts for proper sizing of this project’s PV system 
based on the average power demand of the residence. It provides a starting point for 
feasibility and design of the overall system. 
• The Solar Energy Company Inc. is one of the oldest and largest solar contractors in 
California operating since 1976. They provide sales and installation with experience in 
solar electric systems for both residential and commercial applications. 
 
[6] T. Townsend, "Photovoltaic (PV) Site Analysis and System Sizing," in PG&E's ETC Energy 
Eduaction Course, Cal Poly Advanced Technology Laboratory, Oct. 22, 2011.  
• This 8 hr lecture class offered by PG&E provided information on PV System design and 
how to access further resources. It provided demonstrations on site analysis and proper 
use of available tools. 
• PG&E is a leading utility company that produces 16% of its power from renewable 
energy sources. Tim Townsend is a senior Engineer at BEW and instructed the course in 
PV site analysis and system sizing. BEW is an internationally recognized firm of a multi-
discipline team of engineers, designers, and technicians providing engineering consulting 
services, and performing research and development in electrical power systems for 
emerging energy resources. BEW specializes in distributed generation, renewable energy 
systems (primarily wind and photovoltaics), power electronics and power system 
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planning. The projects range from distributed energy resources connected at the 
distribution level to bulk power generation interconnected at transmission voltages. 
 
[7] G. Lijun, R. Dougal and A. Jotova, "Parallel-Connected Solar PV System to Address Partial and 
Rapidly Fluctuating Shadow Consitions," J. IEEE Trans. On Indust. Elect., vol. 56, pp. 1548 - 1556, 
Jan. 2009.  
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APPENDIX E — Solarworld Sunmodule SW255 
 
Electrical Engineering Department - Stobaugh  Fall 2012 
Cal Poly San Luis Obispo    59 
 
 
 
Electrical Engineering Department - Stobaugh  Fall 2012 
Cal Poly San Luis Obispo    60 
 
APPENDIX F — Xantrex XW-MPPT 80-600 Charge Controller 
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APPENDIX G — Xantrex XW4548 Hybrid Inverter/Charger 
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APPENDIX H — Trojan IND29-4V 
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